The effects of cerebral ischemia on perineu ronal glia were studied in the rat model of transient four vessel occlusion. Striatum containing irreversibly injured neurons and paramedian cerebral cortex containing re versibly injured neurons were prepared for electron mi croscopy at intervals of 3 min up to 24 h following isch emia. Perineuronal astrocytes showed cytoplasmic swelling and configurational changes in and pleomor phism of mitochondria similar to those described pre viously in parenchymal astrocytes in this model. Dark oligodendroglia showed only transient swelling of cis terns of Golgi apparatus and endoplasmic reticulum. However, medium-light oligodendrocytes significantly increased in size and accumulated microtubules and tu bovesicular profiles in the cytoplasm. Reactive glia with features of both oligodendrocytes and astrocytes ap-
The astrocytic metabolism of certain ions (Hertz, 1978) and amino acids (Fonnum et aI., 1980; Katz and Kimelberg, 1985) indicates their important role in maintaining metabolic homeostasis of the inter stitial fluid compartment of the eNS. Their ability to buffer intraneuronal and interstitial hydrogen ions (Swanson and Rosengren, 1962; Bourke et aI., 1970; Kimelberg et aI., 1982; Kraig et aI., 1986) may protect the postischemic brain from devel oping into infarction (Plum, 1983) . The early prolif erative changes seen in astrocytes in metabolic en cephalopathies such as ammonium intoxication (Norenberg, 1977) and cerebral ischemia (Petito and Babiak, 1982) suggest increases in metabolic activity in response to altered concentrations of these substances in the interstitial fluids. peared at 15 min. A sharp drop in the number of peri neuronal medium-light oligodendrocytes occurred at 3 h after ischemia and was accompanied by increased numbers of astrocytes and intermediate glia. Cortical glia showed similar changes that were milder and reversible. These studies suggest that certain perineuronal glia are transformed into reactive astrocytes in areas of ischemic neuronal necrosis, although current data are insufficient to determine if the transforming cells are astrocytes, light oligodendrocytes, or intermediate glia. Possible stimuli for these glial reactions include loss of or changes in neu ronal trophic factors upon CNS glia or alterations in the interstitial fluid composition. Key Words: Cerebral isch emia-Electron microscopy-Astrocytes-Oligoden drocytes-Intermediate glia.
However, the reaction of oligodendrocytes to ischemia is not well known, although they compose up to 70-90% of all perineuronal glia (Hyden and Pigon, 1960; Ling and Leblond, 1973) and are in an ideal position to respond to neuronal injuries. They are relatively resistant to ischemia (Brierley and Graham, 1984) but may be selectively damaged fol lowing certain clinical conditions such as carbon monoxide poisoning (Grinkler, 1925) , cardiac arrest (Plum et aI., 1962) , and severe systemic hypoten sion (Ginsberg et aI., 1976) . Furthermore, oligoden drocytes theoretically may participate in the meta bolic regulation of the brain since recent studies have demonstrated potassium channels (Ketten mann et aI., 1982) as well as neurotransmitter up take (Reynolds and Herschkowitz, 1984) in these cells.
This present study tests the hypothesis that oli godendrocytes as well as astrocytes respond quickly to ischemic neuronal damage by examining the sequential postischemic ultrastructural changes in peri neuronal glia. Ischemia was produced in a rat model of transient four-vessel occlusion (Pulsinelli and Brierley, 1979) , which results in reproducible and severe irreversible neuronal injury of small and medium-sized neurons in the dorsolateral striatum and CAl zone of the hippocampus, but only reversible injury of neurons of the paramedian cerebral cortex and CA 3 hippocampus (Pulsinelli et aI., 1982a) .
MATERIALS AND METHODS
Cerebral ischemia was produced by transient four vessel occlusion (Pulsinelli and Brierley, 1979) . Adult male Wistar rats weighing between 190 and 250 g were anesthetized, the vertebral arteries were cauterized, and the common carotid arteries were loosely surrounded by atraumatic clasps. The animals were fasted overnight and on the following day the carotid clasps were occluded for 30 min. Animals were discarded if they failed to remain comatose with loss of righting reflexes during ischemia or if they developed seizures during or after ischemia (Pul sinelli et aI., 1983) . Following release of the carotid clamps, the animals were allowed to recover from 3 min to 24 h. They were reanesthetized and killed by perfu sion fixation with glutaraldehyde or glutaraldehyde paraformaldehyde (3-h time period only). The dorsola teral corpus striatum and the paramedian cerebral cortex were prepared for light and electron microscopy. Normal rats served as controls. There were six animals at 3 h and four animals in control and remaining experimental groups. The striatum was not examined at 24 h after isch emia since at this time period virtually all neurons are necrotic and "perineuronal" glia cannot be identified. Previous studies (Pulsinelli et aI., 1982a ; C. K. Petito, personal observations) indicate progression of astrocytic changes to gemistocytic astrocytes in this region.
Ultrathin sections of dorsolateral stratium and parame dian cortex were examined and all perineuronal satellite cells on each grid were photographed at low (x 3,000-6,000) and high (x 15,000) magnification. Areas of cell, cytoplasm, and nucleus were obtained using an MOP II digitizer interfaced with an Apple II computer. The outer boundary of the cell included perikaryon and those pro cesses in direct contact with the neuron. Analysis of vari ance and Dunnett's test were used to determine statis tical significance.
RESULTS
The morphologic criteria used to categorize peri neuronal glia were based on previous descriptions of these cells in normal rat brain [for review see Peters et ai. (1976) ]. In brief, oligodendrocytes have relatively electron-dense cytoplasm containing mi crotubules and nuclei with prominent heterochro matin clumps. Astrocytes have a pale cytoplasm containing a few intermediate fibrils, glycogen granules, and a nucleus with finely dispersed chro matin. Microglia have an electron density similar to that of dark oligodendrocytes but contain cyto plasmic dense bodies, long, wavy rough endo plasmic reticulum cisterns, and relatively few microtubules. These morphologic definitions were most useful when the proximal cell processes that contain more microtubules or intermediate fila ments than the perikaryon were included in the plane of section. The term "intermediate glia" was used for those glial cells unable to be classified be cause of the paucity of microtubules or interme diate filaments in the perikarya or because com bined features of two types of glia were present.
Dorsolateral striatum: Irreversible neuronal injury
Ta bles 1 and 2 summarize the cell size, nucleus/ cell ratio, and distribution of perineuronal glia in the dorsolateral striatum in control 3.nd postisch emic animals.
Dark oligodendroglia in control animals ( Fig. 1 A) conformed to previous descriptions; microtubules often were difficult to distinguish in the perikarya but were numerous in the processes. Postischemic changes were mild and included transient dilatation of cisterns of the Golgi apparatus and rough endo plasmic reticulum and mild cytoplasmic lucency during the initial IS min, and variable nuclear pleo morphism at 2-3 h. Dark oligodendrocytes repre sented 3S.S% of all perineuronal glia in controls. This number remained relatively constant during the first 2 h following cerebral ischemia but in creased to SS% at 3 h.
Medium-light oligodendroglia (Fig. IB and C) were distinguished from dark oligodendrocytes by a lighter nucleus and cytoplasm and smaller het erochromatin clumps in the light oligodendrocytes. After ischemia the size of the medium-light oligo dendrocytes significantly increased from 40.S ± IS.0 J-lm2 in controls to SO.S ± 19.6, 4S.3 ± IS.2, and 67.8 ± 14.6 J-lm2 at 3, 30, and 180 min, respec tively. Microtubules and tubulovesicular profiles were increased in some of these cells (Fig. 2) . Myelin figures and membrane-bound lipid droplets occasionally were present. Medium-light oligoden drocytes accounted for �SO% of perineuronal glia in controls and during the first 2 h following isch emia. However, they represented only 6.S% of all perineuronal glia at 3 h.
Postischemic astrocytes (Fig. 3) developed changes similar to those previously described in parenchymal astrocytes (Petito and Babiak, 1982) . Cytoplasmic dilatation was accompanied by a size increase from S9.2 ± 21.2 J-lm2 in controls to 8S.7 ± 13.6 J-lm2 at IS min (p > O.OS), 79.2 ± 26.3 J-lm2 at 2 h (p � O.OS), and 122.7 ± 31.6 J-lm2 at 3 h (p � O.OS). Mitochondria became pleomorphic and con tracted and small stacks of rough endoplasmic re ticulum were often present. Scattered microtubules were present in the perikarya, but intermediate fiJa- ments were identified only in processes. The nuclei enlarged, became slightly irregular, and had finely dispersed chromatin. Astrocytes represented 11 % of perineuronal glia in controls. Their numbers ranged from 0 to 15% during the first 2 h after ischemia but increased to 23% at 3 h.
Intermediate glia were seen first at 15 min after ischemia and combined the cytoplasmic features of oligodendrocytes with the nuclear characteristics of astrocytes (Fig. 4) . Intermediate filaments were not present.
Phagocytic glia containing myelin figures; lipid inclusions; long, wavy rough endoplasmic retic ulum cisterns; and a few microtubules appeared at 3 h after ischemia and represented 8% of all glia at that time.
Paramedian cerebral cortex: Reversible ischemic injury
Ta bles 3 and 4 summarize size, nucleus/cell ratio, and distribution of peri neuronal glia in paramedian cortex in control and postischemic animals. Dark oligodendrocytes in controls measured 32.5 ±20.6 iJ-m2 and represented 61% of all perineu ronal glia. Ischemia produced a mild decrease in the relative number of dark oligodendrocytes but no change in cell size. Cisterns of the Golgi appa ratus and rough endoplasmic reticulum appeared more prominent at 24 h after ischemia.
The medium-light oligodendrocytes became mildly swollen following ischemia, with increased cytoplasmic lucency and a significant increase in cell size. The relative number of these cells dropped from 21 and 34% in controls and at 30 min, respectively, to 9% at 2 h. At 24 h medium-light oli godendrocytes were similar to controls in appear ance and distribution, although the size increase re mained significant (43.4 ± 15.6 vs. 36.5 ± 10.9 iJ-m2 in controls; p � 0.05).
Astrocytes in control animals measured 46. 1 ± 14.9 iJ-m2 and represented 16% of perineuronal glia. At 2 h after ischemia astrocytes had a mild but sta tistically insignificant increase in size (78.6 ± 36.9 iJ-m2; p > 0.05) and often contained small bundles of intermediate filaments, and their relative numbers increased to 26%. These changes were transient and astrocytes were similar to controls by 24 h after ischemia. A few glia were unable to be classified at all time periods. However, they were small cells and did not have the reactive appearance of the postisch emic intermediate glia found in the striatum and de picted in Fig. 4 .
DISCUSSION
The model of four-vessel occlusion used in these experiments produces a standardized fall in fore brain blood flow to <3% of control levels, provided that the animals remain comatose with bilateral loss of the righting reflex during ischemia and remain seizure-free during and after ischemia (Pulsinelli et al., 1982b (Pulsinelli et al., , 1983 To dd et al., 1984) . This insult pro duces reversible injury to cortical neurons, which includes transient mitochondrial swelling, loss of Golgi cisterns, disaggregation of polyribosomes, and reduction in rough endoplasmic reticulum (Pe tito and Pulsinelli, 1984) . In contrast, neurons of the dorsolateral striatum are irreversibly injured J Cereb Blood Flow Metab, Vol. 6, No.5. 1986 and, following initial ultrastructural changes similar to those seen in the cortex, develop dilated Golgi vesicles, plasma membrane defects, shrinkage, and eventual cell death. Both neuronal changes are present within 15-30 min following the ischemic in sult.
Marked structural alterations occurred in certain perineuronal glia following neuronal injury pro duced by severe transient cerebral ischemia. The glial reaction was confined to the perineuronal as trocytes and medium-light oligodendrocytes and paralleled the severity of the neuronal injury. Dark oligodendrocytes in both areas of brain showed only mild and transient alterations.
Peri neuronal astrocytes in areas of irreversible neuronal injury showed reactive changes similar to those we previously described in parenchymal as trocytes (Petito and Babiak, 1982) . Progressive cell swelling, alteration and increases in mitochondria and rough endoplasmic reticulum and mild nuclear enlargement and pleomorphism with dispersion of chromatin were prominent by 2-3 h after isch emia. In contrast, reversible neuronal injury in -FIG. 3 . Peri neuronal astrocyte in control and postischemic striatum. A: Control astrocyte (A) with scant cytoplasm in the cell body and process. Nucleus contains finely dispersed chromatin with narrow rim of condensed chromatin in the nuclear mem brane. Neuron (N) is at the top. x 7,500. B: Three hours following ischemia. Astrocyte (A) swelling is prominent and the cyto plasm contains pleomorphic mitochondria and small stacks of rough endoplasmic reticulum. Necrotic neuron on the right is shrunken and markedly electron dense. x 5,500.
duced only transient and mild alterations in cortical astrocytes.
This study indicates that certain glia categorized as medium-light oligodendrocytes may transform   FIG. 4 . Intermediate glia (G) in the striatum 3 h following ischemia. Nu cleus has finely dispersed chromatin. Cytoplasm is expanded and contains numerous tubulovesicular profiles and microtubules, mitochondria, and a single large vacuole. Adjacent neuron (N1) on the left is slightly elec tron dense and contains dilated vac uoles; the neuron on the right (N2) shows well-developed ischemic neu ronal necrosis with prominent elec tron density of cytoplasm and nu cleus. Cytoplasmic vacuolation and shrinkage and marked swelling of peri neuronal astrocytic processes are present. x 3,800.
into reactive astrocytes in response to ischemic neuronal injury. The ultrastructural studies suggest that certain medium-light oligodendrocytes en larged and hypertrophied following ischemia (Fig. 2) and developed into reactive intermediate glia (Fig. 4) , 1972) . Additional evidence for a transformation of peri neuronal glia into reactive astrocytes is provided by the marked decrease in the relative number of me dium-light oligodendrocytes that occurred between 2 and 3 h and that was preceded by the appearance of intermediate glia and accompanied by an in crease in astrocytes. A similar shift from oligoden drocytes to astrocytes may accompany experi mental hepatic encephalopathy where an increased number of astrocytes is associated with a decreased number of oligodendrocytes, leaving the total number of glial cells unchanged (Diemer, 1976; Diemer et al., 1977) .
Tr ansformation of certain perineuronal glia into reactive astrocytes undoubtedly accounts for the significantly increased numbers of postischemic as trocytes that we demonstrated previously in this model (Petito and Babiak, 1982) . The contribution of perineuronal glia to the formation of reactive as trocytes is further supported by the virtual lack of any mitotic figures in these brains as well as the absence of [ 3 H]thymidine uptake in glial cells during the first 3 h after ischemia (Petito et aI., 1986) . The origin of the transforming perineuronal glial cell is not clear from the present data. They may have been astrocytes, incorrectly categorized as medium-light oligodendrocytes owing to the pres ence of microtubules in the perikarya (Raine and Wisniewski, 1970) and the lack of visible cell pro cesses. Alternatively the transforming cells may have been multi potential glia that, if present in normal brain, may be capable of evolving into as trocytes, oligodendrocytes, or microglia following injury to the CNS (Vaughn and Pease, 1970; Vaughn et aI., 1970) . In vitro studies have identified glial progenitor cells that transform into oligoden drocytes or astrocytes when exposed to different culture media (Raff et a\., 1983) . Lastly the trans forming glial cells may have been the "light" oligo dendrocytes, which are considered to be the most immature of the three histological types of oligo dendrocytes (Mori and Leblond, 1970; Ling et aI., 1973) . These cells can rapidly proliferate in both young and adult animals following experimental re myelination (Herndon et aI., 1977; Ludwin, 1979; Arenella and Herndon, 1984) , trauma (Ludwin, 1984) , and axonal regeneration (Guilian et aI., 1985) . In addition, transitional glia, combining ul trastructural features of both astrocytes and oligo dendrocytes, as well as oligodendrocytes them selves may transiently express glial fibrillary acidic protein in immature brain (Choi and Kim, 1985) or tissue culture (Saneto and deVellis, 1985) .
The stimuli for the postischemic glial reaction are not known but may include changes in the extracel-lular milieu or abnormalities in the neurons them selves. Postischemic elevation of many of the sub stances normally regulated by astrocytes, such as extracellular potassium (Hertz, 1978) , bicarbonate (Kimelberg et aI., 1982; Kraig et aI., 1986) , am monium (Cooper et aI., 1979; Norenberg and Mar tinez-Hernandez, 1979) , and neurotransmitters (Fonnum et aI., 1980; Katz and Kimmelberg, 1985) , may stimulate the glial reaction in a manner similar to the proposed potassium signal that induces gly cogen synthesis in glial cells (Pentreath and Kai Kai, 1982) . A second mechanism responsible for initiating the glial response may relate to abnormal ities in or suppression of the normal trophic influ ences of neurons on glial cells. Astrocytic prolifera tion is inhibited and astrocytic morphology is al tered when cultured astrocytes are exposed either to neurons (Hatten, 1985) or to axolemmal plasma membrane fragments (Sobue and Pleasure, 1984) . Thus, following ischemia the normal neuronal tro pism on glial cells may be transiently altered with reversible neuronal injury and permanently lost with irreversible neuronal injury, resulting in tem porary glial changes in the cortex and permanent morphological and perhaps functional changes in the glial cells in the striatum.
